This paper addresses the geometric effect of processing single look complex synthetic aperture radar (SAR) data to a reference squint angle different from that given by the center of the real antenna beam. For data acquired on a straight flight line, the required transformation of radar coordinates from one Doppler reference to another is independent of the target elevation but for data acquired from a satellite orbit over a rotating Earth that is not true. Also the effect of ignoring Earth rotation is addressed.
INTRODUCTION
For large scale exploitation of satellite synthetic aperture radar (SAR) data geometric fidelity is often important. With the European Space Agency ERS-1/2 satellites it has been demonstrated that slant range images can be characterized geometrically with an accuracy corresponding to 10 m on ground by using a dead-reckoning approach, El]. The final geocoding accuracy for conventional SAR brightness images depends on the accuracy of the digital elevation model used. For SAR products, geocoded using interferometric information, the accuracy depends on the scene and on the acquisition conditions (baseline, atmosphere, etc.) By paying attention to processing fidelity even current satellite SARs support a geometric accuracy on the order of 10 m without use of ground control points. This paper addresses the impact of geometrically referencing SAR data to a zero Doppler geometry when the platform path is curved and the terrain elevation is unknown. The paper also addresses the large azimuth shift which occur if the horizontal curvature of the orbit due to Earth rotation is ignored.
GEOLOCATION OF SAR IMAGES
The fundamental equations characterizing the geometry of slant range SAR images are the range and Doppler equations
where R is the range, fD the Doppler frequency, R a position vector, P a velocity vector, X the wavelength, and indices s and t denotes satellite and target, respectively, e.g. [2] .
The analysis presented in this paper uses an Earth body fixed coordinate system, i.e. the target velocity is zero. Also, the Doppler frequency, f~, is expressed as the squint angle, $, between the plane orthogonal to the velocity vector and the line-of-sight vector.
LINEAR SENSOR PATH
For a linear flight track slant-range images can be transformed between different viewing geometries without knowledge of target heights, [3] . An important special case is that a SAR image acquired on a straight flight track, independent of the squint at acquisition, can be transformed to a zero-Doppler geometry. The relevant transformations are where r denotes slant range, s the along track coordinate, and ro is the closest approach distance. The key to the equations is that the axis of the Doppler cone does not change with s.
The implication is that knowledge of the acquisition squint angle is not required for geocoding, only the reference squint angle, utilized in the processing (often zero) is required. Re denotes the Earth radius and H the satellite height. The orbit also have a curvature, Kh, in the horizontal plane due to Earth rotation. In polar regions K E~ FZ 0 . 1 5~~ (for ERS and Radarsat) decreasing to zero near the equator.
We use a circular orbit approximation fitted to the orbit at a reference point, p(so), such that the unit tangent vectors of the r_eference and the actual tracks, io, coincide, the unit vectors, where r, < 0. Again, using Fig. 2 , the closest approach distance, TO, is found to be ro= JM
Thus, in transferring (r, s, $) to a zero-Doppler geometry TO is given by (9), and s is shifted by SO given by (8).
Closest approach -unknown target height spect to 8 is
The partial derivatives of the sensor target vector f with reUsing (8), (lo), and (6) it is seen that dso dso dr, R,ry r,
This shows that to first order, the along track error caused by not knowing the target height is a linear function in $. Using (9), (7), and (10) 
where 00 is the look angle at closest approach. It is seen that to first order, the slant range error caused by not knowing the target height is a quadratic function in $. It is seen that for ERS, it is not critical to know the target height. For Radarsat, though, the effect is pronounced. Also note, that the difference between an ellipsoidal Earth model and a local spherical approximation is much smaller than typical height variations in the terrain.
EARTH ROTATION -HORIZONTAL CURVATURE During focusing both the vertical orbit curvature, K~, and the horizontal curvature, K h , should be accounted for. If not de-focusing will occur, but also transformation between squint angles cannot be done properly.
The orbit curvature, R,, and rotation, a, of the osculation plane of the orbit is 1 where c, = t€h/K,, see Fig. 1 . The combined effect of using a wrong radius of curvature and a wrong orientation of the osculation plane are shown in Table 2 for a horizontal curvature typical for ERS near the poles, i.e. ch = 0.15.
Radius of curvature
By calculating the first and second order partial derivatives of (8) with respect to c,, a weak quadratic dependence on c, is found. To first order the dependence on $ is linear. FOI y5 = 0.1", c, = f0.15, and the parameters from Table 1 the along track mis-location is found to be 2.4 m.
Orientation of osculation plane
Ignoring the f9" variations of the orientation of the osculation plane of the orbit due to the horizontal orbit curvature corresponds to up to a factor 30 larger 0 variations than unknown terrain. This causes f 1 0 m along track mis-locations even for a small squint of 0.1" as for ERS. This is of the same order of magnitude as the combined effect of all other along track error sources, [ 11.
CONCLUSIONS
Equations for transformation of data acquired with squint to a zero-Doppler geometry are derived. For satellites, the transformation depends on the squint angle and the look angle between the osculation plane of the orbit and the target. An unknown target height is not a concem for the yaw-steered ERS, but should be considered for non yaw-steered systems if the highest geometrical accuracy is required. In both cases, Earth rotation has to be taken into account in the along-track transformation of data to a zero-Doppler geometry, in order to keep the error well below 10 m.
